The recent measurement on the muon anomalous magnetic moment aµ shows a 2.6σ standard deviation from the standard model value. We show that it puts an interesting bound on the mass of the second generation leptoquarks. To account for the data the leptoquark must have both the left-and right-handed couplings to the muon. Assuming that the couplings have electromagnetic strength, the mass is restricted in the range 0.7 TeV < MLQ < 2.2 TeV at 95% C.L. We also discuss constraints coming from other low energy and high energy experiments. If the first-second-generation universality is assumed, very strong constraints come from the atomic parity violation and charged-current universality.
1.
Precision measurements are very useful channels to search for new physics. The recently announced result on the measurement of muon magnetic moment by the experiment E821 [1] at Brookhaven National Laboratory has reduced the error to a substantially smaller level. Combining with previous measurements the new world average is [2] 
where the standard model (SM) prediction is a SM µ = 116 591 597 (67) × 10
in which the QED, hadronic, and electroweak contributions have been included. Thus, the deviation from the SM value is ∆a µ ≡ a 
This 2.6σ deviation may be a hint to new physics because the deviation is beyond the uncertainties in QED, electroweak, and hadronic contributions.
Among various extensions of the SM, namely, supersymmetry [3] , additional gauge bosons [4] , anomalous gauge boson couplings, leptoquarks [5, 6] , extra dimensions, muon substructure [7] , ... they all contribute to the a µ . However, not all of them can contribute in the right direction as indicated by the data. Thus, the a exp µ measurement can differentiate among various models, and perhaps with other existing data can put very strong constraints on the model under consideration.
In this note, we investigate the contributions of various leptoquarks to a µ . We limit to the second generation leptoquarks only without considering any generation mixing in order to avoid dangerous flavor changing neutral currents. While we are completing this work, a paper [5] appears, which describes similar solutions to a µ including the µ − t leptoquarks. Although this µ − t leptoquark could imply a very large contribution to a µ because of the large top quark mass, it could, however, give rise to flavor-changing processes such as t → cγ, cµ + µ − . We do not consider this option. Besides, we also have some sign differences in the main result.
2.
The Lagrangians representing the interactions of the F = 0 and F = −2 (F is the fermion number) scalar
where q L , ℓ L denote the left-handed quark and lepton doublets, u R , d R , e R denote the right-handed uptype quark, down-type quark, and lepton singlet, and q
R denote the charge-conjugated fields. The subscript on leptoquark fields denotes the weak-isospin of the leptoquark, while the superscript (L, R) denotes the handedness of the lepton that the leptoquark couples to. The color indices of the quarks and leptoquarks are suppressed. The components of the F = 0 leptoquark fields are
where the electric charge of the component fields is given in the parentheses, and the corresponding hyper- 
The SU(2) L × U(1) Y symmetry is assumed in the Lagrangians of Eqs. (4) and (5).
To calculate the contribution to a µ we start with the F = 0 leptoquark S L,R 1/2 that has both the left-and right-handed couplings. The other leptoquarks with either left-or right-handed couplings are simply special cases of it. The Lagrangian can be rewritten as
where P L,R = (1 ∓ γ 5 )/2 and we explicitly write the second generation particles µ and c-quark. The result can be easily obtained by some modifications on a µ → eγ [9] calculation, as follows (a µ is defined by
where
In the above expression, N c = 3, Q c = 2/3, Q S = −5/3, and
has both the left-and right-handed couplings. The Lagrangian can be rewritten as
The contribution to a µ can be obtained from Eq. (9) with the following substitutions
where Q c (c) = −2/3 and Q S = −1/3 for this leptoquark.
We note that our expression for F = −2 leptoquark agrees with Ref. [5] , but we have a different expression for F = 0 leptoquark. Ref. [5] does not distinguish between these two types of leptoquarks.
Next, we use our expressions to fit to ∆a µ . The range of ∆a µ at 95% C.L. (±1.96σ) is 10.3 × 10 −10 < ∆a µ < 74.9 × 10 −10 .
A rough estimate for the allowed range of M LQ can be obtained by realizing the dominant term in Eq. (9). In Eq. (9), the term with Re(λ L λ * R ) dominates over the term with (|λ L | 2 + |λ R | 2 ), because of the enhancement factor of m c /m µ . This is valid as long as λ L ≈ λ R . Also, the function
where the numerical factor of 26 is estimated by varying M S 1/2 between 0.5 − 1.5 TeV. With the 95% C.L.
bound on ∆a µ we obtain
Similarly, for the F = −2 leptoquark S 0 we obtain
If λ L = −λ R = e and g L = −g R = e, where e = √ 4πα em , 0.8 TeV < M S 1/2 < 2.2 TeV and 0.7 TeV < M S0 < 2.0 TeV .
We show in Fig. 1 the contributions to ∆a µ from the F = 0 and F = −2 leptoquarks S 1/2 and S 0 respectively, using the exact expression of Eq. What about the other leptoquarks that have only the left-or right-handed coupling? We can use Eq. (9) with only λ L or λ R , then ∆a µ is given by
The factor in the parenthesis is only a fraction of unity. Thus, this ∆a µ is suppressed by about 10 −3 relative to the contributions from S 1/2 or S 0 . Hence, the mass limits are weakened by a factor of √ 10 −3 ≈ 0.03, which means the leptoquarks are to be lighter than 100 GeV in order to explain the a exp µ . It is obviously ruled out by the Tevatron direct search limit on the second-generation leptoquarks [10] (see the next section).
We note that these two leptoquarks also give rise to an electric dipole moment (EDM) of muon, provided that Im(λ L λ * R ) is nonzero. The contribution to EDM is given by
where d f is defined by L = (−i/2)d ff σ µν γ 5 f F µν . Note that the same large numerical factor, scaling as
, is in the parenthesis. Summarizing this section, only the leptoquarks S 1/2 and S 0 that couple to both left-and handed muon can explain the data on ∆a µ , while the other leptoquarks alone cannot explain the data. Note that while the leptoquark S 1/2 or S 0 alone can explain the data on ∆a µ , the coexistence with the other leptoquarks of similar masses would not give any sizable contribution to a µ . In fact, it is advantageous to have the coexistence of other leptoquarks because of the constraints from other experiments. We shall give more details in the next section.
3.
The most obvious limits on leptoquarks are the direct search limits at the Tevatron pp collision and at the HERA e ± p collision. Both CDF and DØ searched for the first and second generation leptoquarks. Their limits are independent of the leptoquark couplings (λ) because the production is via the strong interaction.
The lower limits on the first (LQ1) and second (LQ2) generation scalar leptoquarks are given by [10] M LQ1 > 242 GeV for β = 1 (CDF and DØ combined) , M LQ2 > 202 (160) GeV for β = 1(0.5) (CDF) ,
where β = B(LQ → ℓq). At HERA, the direct searches are limited to the first generation leptoquarks and depend on the leptoquark couplings. The best limits with λ = e are [11]
The leptoquark solutions in Eq. (16) are safe with these limits.
There are also other existing constraints. Especially, if the first-second-generation universality is assumed for the leptoquarks, very strong constraints come from low energy and high energy experiments [12, 13] .
Among the constraints the atomic-parity violation (APV) and the charged-current (CC) universality are the most relevant to leptoquarks.
First-second-generation universality
It is convenient to parameterize the effective interactions of leptoquarks in terms of contact parameters η ℓq αβ , where α and β denote the chirality of the lepton and the quark, respectively, when the mass of the leptoquarks are larger than the energy scale of the experiment. The contact parameters are defined by
The APV is measured in terms of weak charge Q W . The experimental value [14] is about 2.3σ larger than the SM prediction, namely, ∆Q W ≡ Q W (Cs) − Q SM W (Cs) = 1.03 ± 0.44. The contribution to ∆Q W from the contact parameters is given by [12, 13] 
Another important constraint is the charged-current universality. It is expressed as η CC = η We are going to analyze the leptoquark solutions that we found in the last section with respect to these two constraints. Other high energy experiments such as HERA deep-inelastic scattering, Drelly-Yan production, and LEPII hadronic cross sections also constrained leptoquarks, but are relatively easy to satisfy with TeV mass leptoquarks [12] .
For the F = 0 leptoquark S 1/2 with the interaction given in Eq. (8), the contributions to η are
which are equal to −(0.01 − 0.07) TeV −2 for λ L = −λ R = e and the mass range in Eq. (16) . Similarly for the F = −2 leptoquark S 0 with the interaction given in Eq. (10), the contributions to η are
which are equal to 0.01 − 0.08 TeV −2 for g L = −g R = e and the mass range in Eq. (16) .
Both of these leptoquarks do not contribute to ∆Q W as the contributions get canceled. While S 1/2 does not contribute to η CC , S 0 contributes to η CC but in the opposite direction. The lower mass range of S 0 is then ruled out by the η CC constraint.
As mentioned at the end of the last section, coexistence of other leptoquarks would help satisfying the constraints on ∆Q W and η CC . The ∆Q W constraint can be satisfied by the coexistence of either S
h.c. [12] . The mass required to fit to ∆Q W is M 
[5] only applies to a very low leptoquark mass, which has already been ruled out by direct search [10] . There was a low-energy muon deep-inelastic scattering experiment on carbon [15] .
An analysis [16] showed that this µC experiment results in a constraint 
4.
The 2.6σ standard deviation of the recent measurement on the muon anomalous magnetic moment a µ places an interesting constraint on leptoquark models. To account for the a µ data the leptoquark must have both the left-and right-handed couplings to the muon. Assuming that the couplings have electromagnetic strength, the mass is restricted to be about 0.7 TeV < M LQ < 2.2 TeV. If no first-second-generation universality is assumed, this mass range is well above the direct search limit at the Tevatron. On the hand, if the first-second-generation universality is assumed, constraints will come from other low energy and high energy experiments, among which the atomic parity violation and charged-current universality are the most important. We have shown that coexistence with other leptoquarks can satisfy these additional constraints and at the same time do not affect the a µ . Leptoquarks in such a mass range should be produced at the LHC via the strong interaction. 
